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Gene flow is  one of  the  main  factors  shaping genetic  diversity  within  and
among tree populations, and occurs through pollen and seed dispersal. Recent
findings of pollen-release asynchronies in distant populations of Scots pine (Pi-
nus sylvestris L.) within Scotland suggest that gene dispersal among more dis-
tant populations might be less effective than previously thought. Limited gene
dispersal  is  one of  the  major  factors  causing  genetic  structure  for  neutral
markers,  and pollen-release asynchrony could have driven isolation by dis-
tance (IBD) among Scottish populations. Previous studies of neutral markers
found little differentiation among Scottish populations of Scots pine, however
they did not consider IBD over the full Scottish range. We analysed data from 6
nuclear simple sequence repeats (SSR) and 5 chloroplast SSR loci in a total of
540 individuals of Scots pine from 18 populations across Scotland. Our aim was
to assess contemporary levels and distribution of genetic variation and to test
if the distribution of genetic diversity was consistent with IBD. We also ana-
lysed patterns of gene flow that could have contributed to the observed pat-
terns of variation. Levels of genetic diversity were high, for both nuclear and
chloroplast markers within populations, and there was no significant differen-
tiation among populations. A weak signal of IBD was present. We found an in-
crease in nuclear diversity towards the East along with greater gene flow in a
West-East direction commensurate with the prevailing winds. Our findings sug-
gest that this wind-driven gene flow is dominant over genetic drift and pre-
vents differentiation among the Scottish populations. It may also counteract
any pollen-release asynchronies among populations.
Keywords:  Pinus  sylvestris,  Genetic  Diversity,  Gene  Flow,  Isolation  by  Dis-
tance, Prevailing Winds
Introduction
Genetic diversity provides the fundamen-
tal  basis  for  the  evolution  of  forest  tree
species and for their adaptation to change
(FAO  2014).  The  importance  of  including
genetic  factors in sustainable forest man-
agement  has  been  strongly  supported  in
recent years (FAO 2014,  Fady et al. 2016b)
particularly  in  marginal  populations  (Fady
et al. 2016a). Accordingly, several schemes
have  been  proposed  for  monitoring  ge-
netic diversity at the European and interna-
tional levels (Graudal et al. 2014), including
the  quantification  of  both  adaptive  and
neutral genetic diversity in forest trees.
Neutral genetic diversity, which has little
or no effect on the phenotype, is valuable
for studying the effects of historical events
such as population size changes, dispersal
and vicariance,  and of  contemporary pro-
cesses affecting gene flow, such as pollen
and  seed  dispersal  (Holderegger  et  al.
2006).  Characterisation  of  the  level  and
structure of neutral genetic diversity is con-
sidered an appropriate first step to desig-
nate  conservation  units.  The  amount  of
neutral genetic diversity and how it is parti-
tioned within and among populations typi-
cally  results  from  the  balance  between
gene flow and random genetic drift  (Bur-
czyk et al. 2004). Gene flow can counteract
genetic differentiation through genetic ho-
mogenization,  whereas  genetic  drift  (the
random changes of allele frequencies over
generations)  is  expected  to  lead  to  dif-
ferentiation  among  populations  (Slatkin
1985). Determining levels and structure of
neutral  genetic  diversity  of  tree  popula-
tions should be an essential step in the de-
sign  of  sustainable  forest  management
plans, as well as to better understand the
processes  that  are  likely  responsible  for
the maintenance of such diversity.
Gene  flow  occurs  through  pollen  and
seed dispersal, and in wind-pollinated trees
is usually more extensive by pollen than by
seeds,  e.g., pollen flow in pines was up to
approximately 60 times greater than seed
flow  (Ennos  1994).  Although  declining
gene flow with distance is expected given
that  most  pollen  deposition,  pollination
events  and  seedling  establishment  occur
near the parent plant (Deacon & Cavender-
Bares  2015),  genes  and  especially  pollen
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can travel long distances, resulting in large
pollen-mediated gene flow.  Pollen disper-
sal  is,  therefore,  expected  to  shape  the
level  and  structure  of  genetic  variation
within and among tree populations at local
and regional  scales  (Burczyk et  al.  2004).
For example, Scots pine pollen from south-
ern and central Finland contributes to pop-
ulations  located  hundreds  of  km  further
north  (Lindgren  et  al.  1995,  Varis  et  al.
2009).
Multiple  ecological  factors  can  restrict
pollen-mediated  gene  flow  among  wind-
pollinated tree populations, and hence lead
to temporal or spatial increases in genetic
drift.  Physical  barriers  (e.g.,  mountains  –
Naydenov  et  al.  2011)  and  fragmentation
(Provan  et  al.  2007)  may  restrict  pollen
flow. However, in some cases, increases of
pollen flow counteract diversity loss result-
ing from fragmentation (Davies et al. 2013).
Other  significant  barriers  to  pollen  flow,
that  have  received  less  attention,  can be
due to asynchrony in reproductive phenol-
ogy, e.g., timing of pollen or flower produc-
tion (Aitken et al. 2008, Whittet et al. 2017),
which may limit the randomness of mating.
Indeed, there is evidence that plants mate
with  phenologically  similar  individuals
more  frequently  than  random  (Ennos  &
Dodson 1987). Consequently, differences in
timing of reproductive phenology in near-
by tree populations are expected to favour
mating between physically closer individu-
als  by  mating  incompatibility  among  tree
populations,  thereby  reinforcing  isolation
by  distance  (IBD).  In  addition,  wind  pat-
terns might also influence the levels and di-
rection  of  gene flow,  such  as  the  signifi-
cant contribution to directional pollen flow
in Scots pine populations from Scandinavia
(Lindgren et al. 1995).
The fragmented natural Scots pine (Pinus
sylvestris  L.) forests of Scotland represent
the westernmost extreme of  the species’
native range, separated by at least 500 km
from  natural  stands  in  mainland  Europe.
Despite their geographical marginality, pre-
vious  studies  on  the  Scottish  Scots  pine
populations  found  high  levels  of  neutral
genetic  variation  but  little  differentiation
among populations (Provan et al. 1998, Sin-
clair  et  al.  1998,  Wachowiak  et  al.  2011 –
Tab. 1). The westernmost populations have
previously been found to be somewhat dis-
tinct from the others (Forrest 1980, Kinloch
et al. 1986, Sinclair et al. 1998 – Tab. 1), on
the basis of allele frequency differences.
A recent study found mismatches in tim-
ing of  pollen release  between  a  Western
and an Eastern population from Scotland.
Pollen was  released first  in  the west,  be-
tween 9.8 to 15.8 days earlier than in the
east (Whittet et al. 2017). Consistent asyn-
chrony in pollen production among popula-
tions will limit gene flow; where the extent
of  asynchrony  reflects  geographic  dis-
tance, a pattern of IBD will be established.
Although  several  studies  have  addressed
genetic  variation in Scots pine from Scot-
land (Tab. 1), these studies have not investi-
gated patterns of  IBD in the full  Scottish
450 iForest 11: 449-458
Tab. 1 - Studies assessing neutral genetic variation of Scots pine in Scotland using variable molecular markers. (RFLP): Restriction
Fragment Length Polymorphism; (SSR): Simple Sequence Repeat or microsatellite; (SNP): Single Nucleotide Polymorphism; (No.
pop): number of studied populations; (No. ind): number of genotyped individuals.
Marker Location No.pop.
No.
ind.
No.
markers
Gst*/Fst**/
AMOVA#/ Diversity Reference Main conclusions
Mono-
terpene
Scotland 41 6705 11 Similarity
matrix: 0-24
over 30
- Forrest 
1980
Variation between sites allowed divide 
the natural range into several areas of 
biochemical similarity, the most distinct 
being a north-western group of sites with 
Shieldaig as its most distinctive site. A 
trend of gradually decreased of similarity 
from the north east from Scotland in a 
south westerly direction.
Mono-
terpene
Europe 6 953 11 Similarity
matrix: 3-24
over 30
- Forrest 
1982
Northern European populations were 
similar to each other but the three from 
middle and southern Europe showed large 
differences from them and from each 
other. Western region from Scotland 
showed similarity to middle Europe and 
south western populations to northern 
Europe.
Scotland 
(from 
Forrest 
1980)
41 953 11 Similarity
matrix: 0-24
over 30
-
Mono-
terpene
Scotland 40 5765 6 0.045* 0.272–0.378 Kinloch et 
al. 1986
High genetic diversity. Several populations
in the Western region from Scotland were 
distinct from all others and each other. 
Scottish Scots pine forest originated from 
more than one refugium after the last 
glaciation.
Isozymes 14 2177 9 0.028* 0.291–0.311
RFLP 
(mtDNA)
Scotland 20 466 Coxl mito-
chondrial
gene
0.37** - Sinclair et 
al. 1998
Two mitotypes were present: mitotype a 
is present at all sites, but that mitotype b
is confined to three western populations
SSR 
(cpDNA)
Scotland 7 330 17 0.032# 0.950–0.987 Provan et 
al. 1998
Higher levels of diversity for the Scottish 
populations than those for European 
population. A mutation in one loci 
occurred in the Western region of 
Scotland.
Europe 8 185 17 Scot vs. Eur
0.0148#
0.908–0.976
SNP 
(nDNA)
Scotland 21 42 16 -0.017–0.023 0.754–0.819
(0.831 at 8 loci)
Wachowiak 
et al. 2011 High genetic diversity
Europe 7 40 10 0.071–0.079 (0.795 at 8 loci)
SSR 
(nDNA)
Scotland 21 1680 3 - - Salmela et 
al. 2011
High levels of outcrossing in Scottish 
populations
SNP 
(nDNA)
Scotland 12 120 - 0.009** 0.67 Wachowiak 
et al. 2013 High levels of nucleotide diversity within 
populationsSNP 
(mtDNA)
Scotland - 0.81
SSR 
(nDNA)
Scotland 2 647 12 0.004** 0.56–0.58 González-
Díaz et al. 
2017
High levels of genetic diversity and 
presence of moderate fine-scale spatial 
genetic structure
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Isolation by distance and diversity in Scots pine
range.  Forrest  (1980) found  a  trend  of
gradually increasing genetic similarity from
the  southwest  of  the  Scottish  range  to-
ward the northeast. Other studies included
estimates of FST (Kinloch et al. 1986, Sinclair
et  al.  1998,  Wachowiak et  al.  2011,  2013),
which indicate the extent of genetic differ-
entiation (genetic structure) among popu-
lations,  regardless  of  the  distance.  Mea-
sures of IBD indicate the relationships be-
tween  geographic  and  genetic  distance,
and  can  help  us  to  identify  where  re-
stricted gene dispersal may relate to geo-
graphic factors.
Based on the previous evidence,  we hy-
pothesised  that,  despite  extensive  pollen
dispersal by wind, the presence of an East-
West  asynchrony  in  pollen  production
might result in IBD due to a higher proba-
bility  that  more  synchronous  populations
will  mate  with  each  other.  Alternatively,
the absence of identifiable IBD would sug-
gest  that  despite  the  presence  of  pollen
asynchrony, effective gene flow at the re-
gional scale, might have prevented differ-
entiation. To test this hypothesis we char-
acterised  genetic  diversity  along  the  full
East-West  gradient  of  Scots  pine  within
Scotland with two sets of neutral molecu-
lar  markers,  nuclear  and  chloroplast  mi-
crosatellites (SSR). The use of both mark-
ers can allow greater understanding of the
factors  driving  differentiation  than  based
on either alone (Sjölund et al. 2017); chloro-
plast DNA is paternally inherited in conifers
via dispersing pollen, and nuclear DNA is bi-
parentally  inherited  via both  pollen  and
seed dispersal. In addition, the coverage of
the full native range of Scots pine in Scot-
land allows much greater resolution of ge-
ographical structuring of gene flow, includ-
ing IBD, since most other SSR-based stud-
ies  of  this  species  incorporated  relatively
few  Scottish  populations  (Provan  et  al.
1998,  González-Díaz et al. 2017) or did not
focus on these aspects of the species’ biol-
ogy (Salmela 2011). Specifically, we sought
to  answer  the  following  questions:  (1)
what  are  the  contemporary  levels  and
structure of genetic variation of the Scots
pine  populations  across  Scotland?  (2)  Is
there any evidence of  IBD?  And (3)  what
are  the  gene  flow  patterns  among  the
studied populations?
Material and methods
Study species
Scots pine (Pinus sylvestris L.) in Scotland
is a foundation species of the remnant Cal-
edonian pine forests.  It  is  typically  a  pio-
neer species that readily regenerates after
major  natural  or  human  disturbances,  if
competition and grazing pressure are low.
It grows well  on most soils,  nevertheless,
due to low tolerance of shade and compe-
tition,  it  is  often  restricted  to  poor  soils
(Mason et al.  2004). Based on fossil data,
this species reached its maximum extent in
Scotland around 8,000 years ago, covering
approximately  1.5  million  ha  (Birks  1989).
Nowadays, 84 fragments of the ancient na-
tive  pine  forest  remain  in  this  area,  scat-
tered over a total area of 17,882 ha (Mason
et al. 2004).
Study sites and microsatellite analysis
Eighteen  populations  were  selected  to
cover  the  full  native  range of  Scots  pine
within Scotland (Tab. 2, Fig. 1). We sampled
a  total  of  30  randomly  selected  trees
within  each  population.  Sampled  trees
were old adults, thereby avoiding potential
effects  of  gene  flow  from  more  recent
Scots  pine  plantations  that  might  other-
wise obscure patterns of genetic diversity
and divergence in the native stands.
Total  genomic  DNA was  extracted  from
50 mg silica gel-dried needles using a QIA-
GEN DNeasy® plant extraction kit (QIAGEN
Ltd.  Crawley,  UK)  following the manufac-
turer’s  protocol.  All  individuals  from  the
eighteen Scottish populations were geno-
typed at six nuclear (nSSR) and five chloro-
plast  (cSSR)  microsatellite  markers.  We
used  six  nSSR:  PSAJ223770/SPAC11.14,  PS-
AJ223766/SPAC11.8  (Soranzo  et  al.  1998),
Ptx2146  (Auckland  et  al.  2002),  Ssr-
Pt_ctg4698, SsrPt_ctg9249 (Chagné et al.
2004)  and LOP3 (Liewlaksaneeyanawin et
al.  2004);  and  five  cSSR:  PCP26106,  PC-
P30277,  PCP36567,  PCP45071,  PCP87314
(Provan  et  al.  1998).  Reactions  were  car-
ried out in a final volume of 10 µl with 1 µM
fluorescently-labelled forward primer, 1 µM
reverse  primer,  200  µM  each  dNTPs,  0.5
units Taq® polymerase (Roche Applied Sci-
ence),  1X  PCR  buffer  (supplied  with  Taq)
and 25 ng of template DNA. Annealing tem-
iForest 11: 449-458 451
Fig. 1 - Study populations for nSSR and cSSR analyses.
Tab. 2 - Details of study sites. Population area was obtained from Mason et al. (2004).
Population
name Code
Seed
zone
Pine area
(ha)
Lat N
(dec. deg.)
Long E
(dec. deg.)
Altitude
(m a.s.l.)
Cona Glen COG SW 189 56.78 5.33 148
Glen Loy GLL SW 74 56.91 5.13 170
Crannach CRA SW 70 56.5 4.77 296
Coille Coire Chuilc CCC SC 67 56.41 4.71 257
Meggernie MEG SC 277 56.58 4.35 306
Black Wood of Rannoch BWR SC 1011 56.67 4.32 275
Abernethy ABE EC 2452 57.24 3.66 341
Rothiemurchus ROT EC 1744 57.15 3.77 318
Allt Cul ALT NE 13 57.11 3.33 476
Glen Tanar GLT NE 1564 57.05 2.86 334
Glen Affric GLA NC 1532 57.27 4.92 256
Amat AMA NC 181 57.87 4.59 137
Loch Clair LOC NW 126 57.56 5.34 132
Shieldaig SHI NW 103 57.51 5.64 81
Beinn Eighe BEE NW 182 57.63 5.35 63
Glen Einig GLE N 27 57.95 4.76 55
Strath Oykell STO N 14 57.95 4.64 103
Rhidorroch RHI N 103 57.93 4.97 182
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perature was 56 °C. Polymerase chain reac-
tions (PCR) were performed in a Gene Amp
PCR System 9700® thermo cycler (Applied
Biosystems,  Bleiswijk,  Netherlands),  with
the following programme: 1 cycle at 95 °C
for 4 min followed by 35 cycles at 95 °C for
45 s, 56 °C for 45 s, 72 °C for 45 s, and a final
step at 72 °C for 5 min. Fragment analysis
was performed by Genome Technology at
James Hutton Institute, Dundee, UK, using
a  3730  DNA  Sequencer® (Applied  Biosys-
tems)  with  reference  to  a  ROX  500  size
standard.  Fragments  were  scored  using
GeneMarker® v. 2.6.0. (SoftGenetics, State
College, PA, USA). Null allele frequencies at
nuclear loci for each locus and each popu-
lation were checked by using the software
Micro-Checker  (Van  Oosterhout  et  al.
2004).  PSAJ223770/SPAC11.14  showed  evi-
dence  of  null  alleles,  however  the  fre-
quency was below 0.2, which is the thresh-
old over  which null  alleles can result in a
significant underestimate of expected het-
erozygosity HE (Chapuis & Estoup 2007, Bel-
letti et al. 2012), therefore it was kept for
further analysis.
Data analysis
Genetic diversity
Genetic diversity estimators within popu-
lations  were  estimated  using  FSTAT  ver.
2.9.3.2 (Goudet 1995) and Arlequin ver. 3.5
(Excoffier & Lischer 2010). For nSSR, we es-
timated mean number of alleles per locus
(nA), rarefied allelic richness (nAR), number
of private alleles (nAp), observed heterozy-
gosity  (nHO),  expected  heterozygosity
(nHE) and inbreeding coefficient (nFIS). Rar-
efaction of allelic richness controls for dif-
ferences in sample size allowing compari-
son among sites and studies. For cSSR, we
estimated mean number of alleles (cA). For
the  remaining  cSSR  estimators,  alleles
were combined to compose a unique chlo-
roplast haplotype for each individual. Indi-
viduals  with  missing data  were  discarded
from  the  inference  of  multilocus  haplo-
types. We estimated number of haplotypes
(cHN),  number of  private haplotypes (cHP)
and gene diversity (cHE),  the latter  based
on haplotype frequencies.
Population differentiation and Bayesian 
clustering
To  estimate  population  differentiation,
we calculated  nFST among populations us-
ing nSSR in Arlequin ver.  3.5 (Excoffier  &
Lischer 2010), and the differentiation index
Jost’s  D implemented  in  the  R  package
DEMEtics  (Gerlach  et  al.  2010).  In  both
cases, significance values were determined
for a 5% nominal level after Bonferonni cor-
rection. Multilocus haplotypic and genetic
estimators  for  both  nSSR  and  cSSR  (nHE,
nAR,  cHE  and  cHN)  were  mapped using Ar-
cMap® ver.  10  (ESRI,  Redlands,  CA,  USA),
using  inverse  distance  weight  methods
available  on  the  spatial  analyst  interpola-
452 iForest 11: 449-458
Tab. 3 - Genetic diversity estimators for nuclear (nSSR) and chloroplast (cSSR) markers. (nN): no. of samples genotyped with nSSR;
(nA): no. of alleles; (nAR): rarefied allelic richness for 28 diploid individuals; (nAp): no. of private alleles; (HO): observed heterozygos-
ity; (HE): expected heterozygosity; (FIS): inbreeding coefficient; (cN): no. of samples genotyped with cSSR; (cA): no. of alleles; (cHN):
no. of haplotypes; (cHP): no. of private haplotypes; (cHE): gene diversity corrected for sample size (Nei 1987).  P-values for  FIS are
obtained after 1,000 permutations of gene copies within individuals of each stand. Standard errors are reported in brackets. (*): *P
< 0.05; (**): P < 0.01; (***): P < 0.001.
Population
nSSR cSSR
nN nA nAR nAp nHO nHE nFIS cN cA cHN cHP cHE
COG 30 6.1670(3.3120)
6.0992
(2.9791) 1
0.4944
(0.2352)
0.5779
(0.2402) 0.1460*** 28
3.2
(1.095) 13 4
0.9339
(0.0227)
GLL 30 5.8330(2.9270)
5.7860
(2.6523) 0
0.4944
(0.1500)
0.5801
(0.2743) 0.1500*** 25
2.8
(0.837) 14 1
0.9400
(0.0280)
CRA 30 6.3330(3.1410)
6.2860
(2.8557) 1
0.5151
(0.1960)
0.6389
(0.1990) 0.1960*** 25
3.0
(1.225) 14 1
0.8967
(0.0431)
CCC 30 6.6670(4.2270)
6.5777
(3.7589) 0
0.5722
(0.0460)
0.5995
(0.2201) 0.0460 23
2.8
(1.304) 14 1
0.9565
(0.0220)
MEG 30 5.5000(2.8110)
5.4753
(2.5497) 0
0.5556
(0.1570)
0.6573
(0.1552) 0.1570*** 28
3.4
(1.673) 15 3
0.9048
(0.0420)
BWR 30 6.3330(2.9440)
6.2638
(2.6361) 0
0.5860
(0.0560)
0.6200
(0.1885) 0.0560 23
3.2
(1.304) 14 3
0.9368
(0.0331)
ABE 30 7.1670(3.7640)
7.0532
(3.3582) 1
0.6111
(0.0590)
0.6490
(0.2224) 0.0590 27
2.8
(1.304) 13 0
0.8291
(0.0684)
ROT 30 5.8330(2.3170)
5.7767
(2.0727) 1
0.5935
(0.0500)
0.6240
(0.2063) 0.0500 27
3.4
(1.140) 17 3
0.9487
(0.0257)
ALT 30 6.3330(3.0770)
6.2532
(2.7636) 1
0.5937
(0.0120)
0.6006
(0.2542) 0.0120 25
2.8
(0.837) 14 0
0.9433
(0.0240)
GLT 30 7.1670(2.9270)
7.0615
(2.5983) 0
0.5556
(0.1100)
0.6228
(0.2215) 0.1100* 25
3.4
(1.140) 13 1
0.9167
(0.0349)
GLA 30 7.3330(4.2270)
7.1470
(3.7213) 0
0.4925
(0.1170)
0.5565
(0.2660) 0.1170** 22
3.4
(0.241) 15 2
0.9524
(0.0291)
AMA 30 6.5000(3.6740)
6.4505
(3.3049) 0
0.5444
(0.1160)
0.6149
(0.2604) 0.1160** 21
3.2
(0.837) 15 1
0.9667
(0.0236)
LOC 30 6.6670(3.4450)
6.5968
(3.0930) 0
0.5803
(0.0690)
0.6226
(0.2130) 0.0690 27
3.0
(1.000) 13 0
0.9373
(0.0220)
SHI 30 5.5000(3.2710)
5.4198
(2.9151) 0
0.4944
(0.0330)
0.5110
(0.2737) 0.0330 29
3.0
(0.707) 13 2
0.9458
(0.0173)
BEE 30 6.6670(3.7240)
6.6082
(3.3824) 1
0.5500
(0.1040)
0.6128
(0.2978) 0.1040* 29
3.2
(1.304) 14 0
0.9335
(0.0228)
GLE 30 6.5000(2.8810)
6.3923
(2.5723) 2
0.4571
(0.2140)
0.5794
(0.2517) 0.2140*** 28
2.8
(0.837) 16 2
0.9497
(0.0214)
STO 30 7.3330(3.5020)
7.1848
(3.1003) 0
0.5222
(0.1450)
0.6095
(0.2079) 0.1450*** 27
2.8
(1.304) 14 1
0.9145
(0.0334)
RHI 30 7.6670(3.5020)
7.5522
(3.1469) 1
0.5714
(0.1130)
0.6430
(0.2847) 0.1130* 30
3.2
(1.304) 19 2
0.9586
(0.0209)
All 
populations
540 11.5000
(7.3420)
5.8400
(3.1362)
9 0.5434
(0.2068)
0.6179
(0.2327)
0.121*** 469 4.6
(1.140)
64 27 -
Overall
mean
30 6.5278
(3.3152)
6.4435
(2.9700)
0.5 0.5456
(0.1101)
0.6067
(0.2334)
0.1052 26.05 3.1
(1.077)
14.44 1.5 0.9315
(0.0298)
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tion tool. To map nuclear genetic differenti-
ation, for each site we calculated the per-
centage  of  total  sites  that  it  was  signifi-
cantly differentiated from (e.g., percentage
of  differentiated  sites,  nDS,  %),  based  on
nFST values. To quantify the distribution of
variation  of  nuclear  genetic  diversity  and
chloroplast  haplotypes,  we  tested  both
marker  sets  in  a  hierarchical  analysis  of
molecular  variance  (AMOVA)  from  the
level  of  individual,  population and cluster
of populations (see directional relative mi-
gration  rates  section),  performed  in  Ar-
lequin ver. 3.5 (Excoffier & Lischer 2010).
We performed individual-based Bayesian
assignment methods using data from nu-
clear  loci  in  STRUCTURE  ver.  2.3.4  (Prit-
chard et al. 2000). We used a model assum-
ing  correlated  allele  frequencies  and  ad-
mixed ancestry. We included the site loca-
tion a priori (LOCPRIOR option) to improve
the  detection  of  weak  population  struc-
ture.  K was set from 1 to 20, with 10 runs
performed for each value of  K. Runs con-
sisted  of  500,000  Markov  Chain  Monte
Carlo (MCMC) iterations with a burn-in pe-
riod of 100,000. We used STRUCTURE HAR-
VESTER (Earl & Von Holdt 2011), an applica-
tion that uses the Evanno method for as-
sessing  and  visualizing  likelihood  values
across multiple values of  K and detecting
the number of genetic groups that best fit
the data.
Isolation by distance and directional 
relative migration rates
For testing isolation by distance we used
nuclear markers in SPAGeDi ver. 1.4 (Hardy
& Vekemans 2002) with significance deter-
mined by permuting site locations among
populations 10,000 times. Following  Rous-
set (1997), we used the FST /(1- FST) ratio as a
measure  of  genetic  distance  as  it  is  ex-
pected to vary linearly with the natural log
of the geographical distance.
To reduce the number of sites to an ana-
lytically tractable set for estimating migra-
tion patterns, we grouped sites with their
nearest neighbours to give seven site clus-
ters,  corresponding  to  the  biochemical
zones  described  by  Forrest  (1980) and
used as a seed zones (Tab. 2).  Directional
relative migration rates between site clus-
ters were estimated using nuclear markers
and the function DIVMIGRATE from the R-
package DIVERSITY (Keenan et al. 2013) us-
ing Jost’s D as a measure of genetic differ-
entiation.  To test  whether  relative  migra-
tion is significantly higher in one direction
than the other (e.g., asymmetric), 95% con-
fidence  intervals  were  calculated  from
1,000 bootstrap iterations.
Results
Genetic diversity
Among the six nuclear loci analysed, the
number  of  alleles  per  locus  (nA)  ranged
from 2 to 14, with a multilocus average of
11.5 ± 7.34 for all populations combined. In
total we obtained 9 private alleles. For rar-
efied allelic richness (nAR), multilocus esti-
mates ranged from values of 5.42 to 7.55,
based on a minimum number of 28 diploid
individuals,  with  a  multilocus  average  of
5.84 for all  populations combined (Tab.  3
and Fig. 2b). The multilocus expected (nHE)
and  observed  heterozygosity  (nHO)  was
0.62 ± 0.03 and 0.54 ± 0.04 respectively for
all  populations combined (Tab. 3, and  Fig.
2a for  nHE).  A general  trend of  lower nu-
clear  diversity  (nHE)  in  the  western  sites
and relatively higher diversity in the east-
ern sites was observed (Fig. 2a). This trend
was  positively  correlated  with  longitude
(F=6.703, R2=0.25, p<0.05), but not for nAR.
A  general  significant  homozygote  excess
was found (overall FIS=0.121, p < 0.05 – Tab.
3).
Among the five chloroplast loci analysed,
the number of alleles per locus (cA) ranged
from 2 to 6, with a multilocus average of
3.08 for all populations combined. Gene di-
versity (cHE) ranged between 0.83 and 0.96
(Tab. 3 and  Fig. 2c). The number of haplo-
types (cHN) within populations ranged from
13 to 19 (Tab. 3 and Fig. 2d), with a total of
64 haplotypes recorded, of which 42% (27
haplotypes) were private,  i.e., unique to a
particular  population  (Tab.  3).  Although
most western sites showed high levels of
chloroplast  gene  diversity  (cHE),  some  of
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diversity pa-
rameters for 
nSSR (above) 
and cSSR (be-
low). (a) Ge-
netic diversity 
for nSSR (nHE); 
(b) rarefied 
allele richness 
for nSSR (nAR);
(c) gene diver-
sity corrected 
for sample size
for cSSR (cHE); 
(d) no. of hap-
lotypes for 
cSSR (cHN).
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the eastern sites showed also high levels of
diversity and the spatial trend was not as
clear  as  for  nSSR (Fig.  2c).  No significant
correlation  with  longitude was  found  for
chloroplast diversity.
Population differentiation and Bayesian
clustering
When testing differences among popula-
tions,  multilocus  nFST values  ranged  from
-0.005  (ROT  and  GLT)  to  0.065  (SHI  and
MEG),  being  significant  (p<0.05)  in  most
cases (Tab. S1 in Supplementary material).
Thus, for instance,  of the most differenti-
ated populations, SHI was significantly dif-
ferent from all populations and BWR from
all but GLA (Tab. S1 and Fig. S1). RHI, BEE,
CCC,  MEG  and  ALT  significantly  differed
from all but two or three populations (Tab.
S1  and  Fig.  S1).  Jost’s  D values  were  in
agreement but greater than FST values and
ranged between -0.012  (ROT and GLT)  to
0.127 (SHI and MEG – Tab. S1 in Supplemen-
tary  material).  Interestingly,  the  popula-
tions with the greatest asynchrony in pol-
len release (Whittet  et  al.  2017),  BEE and
ALT,  had  some  of  the  largest  FST values
(FST=0.05,  p<0.05).  The results  of  AMOVA
showed  that  although  most  of  the  varia-
tion was found within populations, among-
population  variability  is  greater  within
groups than between them for both sets
of molecular markers (Tab. 4).
Structure identified K=2 as the more likely
number of clusters (red and blue clusters
hereafter),  however,  these  clusters  were
not related to the East-West location of the
individuals (Fig. S2 in Supplementary mate-
rial).  Most sites contained highly admixed
individuals; however, the site SHI had more
than 75% of individuals in the less common
blue cluster. In addition, four sites had be-
tween 60 and 75% of individuals in the blue
cluster STO, COG, BWR, ROT, ALT, followed
by LOC, GLA and GLT with more than 50%.
All the other sites had a majority of the red
cluster.
Isolation by distance and asymmetric 
migration
Although weak, IBD was significant in the
Scottish populations (slope = 0.0038,  R2 =
0.035,  P <  0.05  – Fig.  3),  indicating  that
when geographic distance increases, popu-
lations  became  more  differentiated.  Ex-
pressing  geographic  and/or  genetic  dis-
tance  on  a  logarithmic  scale  did  not  im-
prove the model fit (data not shown).
The relative migration network (Fig. S3a
in Supplementary material) shows all rela-
tive migration rates between site clusters
of  Scottish  populations  of  Scots  pine.
Those rates indicate that gene flow was, in
most cases, greater in the West-East direc-
tion  than  in  the  East-West  direction,  al-
though it was not significantly asymmetric.
In Fig. 4 and Fig S3b (Supplementary mate-
rial), directional relative migration rates be-
low  0.50  were  filtered  out  to  emphasize
the major gene flow networks.
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Tab. 4 - Hierarchical analysis of molecular variance (AMOVA) for nuclear (nSSR) and
chloroplast (cSSR) markers at the individual, population and cluster of populations.
The degrees of freedom (df), percentage of variation explained by each level (Varia-
tion, %), and the relevant P-values are indicated.
Source of variation
nSSR cSSR
df Variation(%) p-value df
Variation
(%) p-value
Among cluster of 
populations
6 0.17 0.25 6 0.25 0.11
Among populations 11 1.79 <0.001 11 1.89 <0.001
Within populations 1062 98.04 <0.001 453 97.86 <0.001
Fig. 3 - Isola-
tion by dis-
tance (IBD). 
Black line rep-
resent the 
slope of the 
correlation of
the natural 
log of the lin-
ear spatial 
distance 
[Ln(Spatial 
Distance 
(km)] against 
FST/(1-FST) 
after 10,000 
permutations
of sites 
among loca-
tions.
Fig. 4 - Relative migration networks for nSSR with populations sorted in seed groups
(see  Tab. 2 for population details) using a threshold of 0.5. Arrows in black denote
greater gene flow pattern in the W-E direction, whereas arrows in red denote greater
gene flow in the E-W or S-N direction. Thicker arrows mean stronger gene flow in
such direction.
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Isolation by distance and diversity in Scots pine
Discussion
Our study presents a detailed genetic sur-
vey  of  a  subset  of  the  remaining  natural
populations  of  Scots  pine  from  Scotland
using  both  bi-parentally  inherited  nuclear
SSR  and  paternally  inherited  chloroplast
SSR. Three main results were obtained: (i)
high  levels  of  genetic  variation  and  low
population differentiation; (ii) a weak pat-
tern of isolation by distance; and (iii) an in-
crease  of  nuclear  diversity  towards  the
East.  While  we detected some discrepan-
cies  (e.g.,  SHI),  our  findings  suggest  that
the effects of gene flow dominate those of
genetic drift and prevent differentiation in
the Scottish populations.  Our  results  sug-
gest greater gene flow in the West-East di-
rection, likely influenced by prevailing wind
patterns.
High levels of genetic variation and low 
population differentiation
In agreement with other molecular mark-
ers (Forrest 1980,  Kinloch et al. 1986,  Sin-
clair  et  al.  1998,  Provan  et  al.  1998,  Wa-
chowiak et  al.  2011),  our  results  indicated
relatively  high  levels  of  genetic  variation
across  the  Scottish  native  populations  of
Scots pine for both nuclear and chloroplast
microsatellite  markers.  This  is  counter  to
expectations given their marginal distribu-
tion in global terms and the severe reduc-
tion in  the extent  of  forest,  and its  frag-
mentation  in  recent  centuries.  Values  of
multilocus nuclear SSR diversity (nHE = 0.51-
0.66) were comparable to those found in
other  Scottish  and  Eurasian  populations
(nHE =  0.50-0.69  – Naydenov  et  al.  2011,
Bernhardsson et al. 2016,  González-Díaz et
al.  2017),  although  lower  than  in  some
mainland  European  populations  (nHE =
0.74-0.85 – Scalfi et al. 2009, Nowakowska
et al.  2014,  García-Gil  et al.  2015).  In addi-
tion,  the  often  high  levels  of  chloroplast
SSR diversity (cHE = 0.83-0.97) were similar
to those reported for other Scottish,  Ibe-
rian and Italian populations (cHE = 0.92-0.99
– Provan et al.  1998,  Robledo-Arnuncio et
al. 2004a, Scalfi et al. 2009) although some-
what higher than those reported from Fin-
land  (cHE =  0.56  – García-Gil  et  al.  2015).
Some authors have hypothesised multiple
origins for the Scottish Scots pine popula-
tion,  e.g.,  through contribution  of  cryptic
glacial refugia (Forrest 1980,  Kinloch et al.
1986,  Sinclair  et  al.  1998,  Provan  et  al.
1998). If true, this might help to explain the
high  levels  of  diversity  we  observed,  re-
flecting a  process  of  admixture following
secondary contact.
We detected low levels of population dif-
ferentiation,  which  represented  less  than
2% of the genetic variation among popula-
tions  for  both  nuclear  and  chloroplast
markers  (Tab.  4).  Outcrossing,  long-lived
trees  with  wind-mediated  gene  dispersal
mechanisms usually harbour more diversity
within  populations  than  among  them
(Hamrick  et  al.  1992).  High  gene  flow
among populations counteracts differenti-
ation due to drift and maintains levels of di-
versity (Slatkin 1985). Levels of differentia-
tion among populations were very similar
for both marker types (1.89%  vs. 1.79% for
chloroplast  and  nuclear  markers  respec-
tively).  Although  chloroplast  loci  are  ex-
pected  to  show  greater  differentiation
than nuclear loci due to uniparental inheri-
tance, smaller effective population size and
higher susceptibility to genetic drift (Lend-
vay  et  al.  2014).  However,  the  extensive
pollen flow characteristic of conifers is like-
ly to smooth such differences.
Despite evidence of extensive gene flow
and  consequently  weak  overall  genetic
structure,  some  significant  differentiation
among populations was apparent.  In par-
ticular,  the  most  western  population  SHI
was most differentiated from other popu-
lations (greatest FST). The distinctiveness of
this population has been reported by other
authors (Forrest 1980,  Kinloch et al. 1986,
Sinclair et al. 1998), although the basis for
the difference remains uncertain. Some au-
thors have observed unique, low frequency
organelle  haplotypes  in  western  popula-
tions (Kinloch et al. 1986), suggesting con-
tributions  from  a  western  refugium  and
possibly accounting for its distinctiveness.
However, other local factors could explain
the difference and resolution of the ques-
tion awaits markers with sufficient power
to conclusively characterise the postglacial
colonisation patterns within Scotland.
Weak isolation by distance
Our results showed a weak but significant
pattern of IBD across Scotland. IBD occurs
as a consequence of limited gene dispersal
such that populations close to each other
tend  to  be  more  genetically  similar  than
populations  farther  apart  (Wright  1943).
Several factors are likely to limit seed and
pollen  flow  among  the  Scottish  popula-
tions  of  Scots  pine.  Firstly,  the  recently
characterised asynchrony in pollen phenol-
ogy between eastern and western popula-
tions within Scotland (Whittet et al. 2017)
might  limit  gene  transfer  among  popula-
tions  even if  pollen dispersal  is  physically
possible  across  the  distances  concerned.
Secondly,  the drastic  reduction  in  the ef-
fective population sizes and increased pop-
ulation isolation resulting from widespread
deforestation  in  Scotland  (Mason  et  al.
2004)  may  simply  have  reduced  pollen
availability  to  individual  populations.
Thirdly, the prevailing wind direction at the
time of pollen release in Scotland is from
the southwest (Dore et al.  2006). The re-
sulting directional bias in pollen flow may
enforce pollen limitation in populations to
the west. Given the weak magnitude of IBD
and  since  the  described  factors  might
probably contribute simultaneously to the
observed  pattern,  we  cannot  unambigu-
ously  ascribe IBD patterns  to  a  particular
mechanism. On the other hand, if the weak
magnitude of the IBD signal is driven by rel-
atively  recent  pollen-release  mismatches,
then IBD might be expected to be exacer-
bated in future generations.  Gene flow is
nevertheless clearly effective in minimising
isolation, and IBD is limited.
Some of the Scottish populations showed
significant  levels  of  inbreeding  (FIS  =  0.11-
0.21), indicating an excess of homozygotes.
Other studies obtaining similar inbreeding
values  for  Scots  pine  populations  (0.07-
0.22  – Scalfi  et  al.  2009,  García-Gil  et  al.
2015) attributed the homozygote excess to
the  presence  of  null  alleles  (Scalfi  et  al.
2009). In our study, only one locus showed
evidence  of  null  alleles  with  a  low  fre-
quency,  therefore  this  seems  unlikely  to
explain our  FIS estimates. Homozygote ex-
cess can be also the result  of  assortative
mating,  selection  against  heterozygotes,
the  Wahlund  effect  (subpopulation  struc-
ture – Wahlund 1928, García-Gil et al. 2015),
or drastic reduction in effective population
sizes  (Bagnoli  &  Buonamici  2009).  How-
ever, as nearby populations obtained very
different  levels  of  inbreeding  (e.g.,  0.196
and 0.046 for CRA and CCC, respectively),
assortative mating might not be the reason
as it is unlikely to occur in adjacent popula-
tions  because  most  trees  flower  at  the
same time. Furthermore, it seems unlikely
to be selection against heterozygotes or a
Wahlund effect  given that  nothing in  our
data or recent population history point to
the existence of  unrecognised population
substructure. Therefore, the most likely ex-
planation would be a drastic  reduction in
effective population sizes, as has been pre-
viously noted (Mason et al. 2004, González-
Díaz et al. 2017).
Geographic diversity gradients and 
predominant patterns of gene flow
Our  results  indicated  increased  nuclear
genetic  diversity  towards  the  East.  This
West-East (W-E) trend does not fit theoreti-
cal  expectations  based  on  inferred  pat-
terns of post-glacial colonisation, which for
Scots pine, and most other native species
in Britain, has occurred from south to north
(Birks 1989). Such a pattern of colonization
is  expected to leave greater  levels  of  ge-
netic  diversity  in  the  south  than  in  the
more  recently  colonised  north  (Hewitt
1999), and has been found in  Fagus sylvat-
ica  in  Britain  (Sjölund  et  al.  2017),  and  in
other tree species in Ireland (Kelleher et al.
2004)  and  mainland  Europe  (Petit  et  al.
2002). Equally, the W-E diversity trend does
not follow the “central-marginal” hypothe-
sis, which predicts reduced neutral genetic
diversity and higher population differentia-
tion towards distribution limits  (Eckert  et
al.  2008).  Where  the  S-N  model  predicts
greater diversity in southern areas, the cen-
tral-marginal model predicts greater diver-
sity  in  the  centre  of  the  distribution,  as
populations located further from the cen-
tre (even in the south) are less connected.
Levels  of  diversity  from  our  populations,
which  represent  the  north-western  distri-
bution limit of Scots pine, were similar to
those in mainland populations (Naydenov
et al. 2011,  Provan et al. 1998,  Robledo-Ar-
nuncio et al. 2004a), and no signatures of
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migration were observed (i.e., a S-N or SE-
NW trend).  Therefore, it may be that the
observed W-E diversity trend reflects more
recent gene flow process. On the W-E axis,
a  predominant  driver  of  gene  flow  in  a
species with wind-mediated gene dispersal
(seed and pollen) is likely to be wind direc-
tion. In Scotland the predominant wind di-
rection is west-south-westerly (Dore et al.
2006), and this would seem to be a likely
explanation for the observed pattern.
While levels  of  diversity will  be substan-
tially dependent on past population sizes,
asymmetric gene dispersal due to prevail-
ing wind direction can also play an impor-
tant role in shaping the current distribution
of  genetic  diversity  (Ennos  1997a).  Gene
flow patterns were not  statistically  asym-
metric given that gene flow in Scots pine is
extensive  and  can  occur  over  substantial
distances (Lindgren et al. 1995, Robledo-Ar-
nuncio et al. 2004b). As there is no reason
to  suggest  the  existence  of  geographical
or topographical barriers to gene dispersal,
gene flow  is  likely  to  link  nearby popula-
tions in any direction. However a strongly
dominant wind direction (Dore et al. 2006)
would  likely  favour  consistent  gene  flow
from  western  to  eastern  populations  but
not the converse, resulting over time in a
gradient  of  diversity  with  lower  levels  in
the populations to which gene flow is more
restricted. This effect would be reinforced
by the fact that western populations are at
the very edge of the distribution, with only
ocean beyond them, preventing gene input
from  upwind.  The  lack  of  West-East  pat-
tern in allele  richness might be explained
by  the  diverging  trend  in  some  popula-
tions,  such  us  CRA,  BWR,  MEG and ROT,
which showed low allele richness but high
nuclear diversity.  The explanation for this
diverging trend might be due to selection
or local bottlenecks (i.e., due to a substan-
tial reduction in population size), which are
characterized by large losses in allelic rich-
ness but only slight decrease of diversity if
population  size  rebounds  rapidly  (Comps
et al. 2001). Since no West-East pattern was
observed  in  chloroplast  haplotype  diver-
sity, seed dispersal may be more important
than pollen in driving any such directional-
ity in gene flow, an implication that tallies
with the likely mobility of the two propag-
ule types.
Conclusions
Native pine forest in Scotland suffered a
very substantial historic reduction in abun-
dance.  Despite  this  reduction and the re-
sulting  geographical  isolation  of  popula-
tions,  high levels  of  genetic  variation and
low levels of population differentiation still
persist,  suggesting  that  effective  popula-
tion  size,  together  with  extensive  gene
flow, has been high enough to limit the ef-
fects  of  genetic  drift.  This  finding  high-
lights the importance of maintaining large
effective population sizes, especially in ge-
ographically  marginal  populations,  to  in-
crease  the  probability  of  forest  persis-
tence.
Despite  potential  barriers  to  gene  flow
such as population fragmentation or phe-
nological  asynchrony,  gene  flow  among
populations can still be sufficient to coun-
teract  their  genetic  isolation.  However  a
weak signal of isolation by distance was de-
tectable  among the Scottish  populations,
suggesting that some spatial  limitation of
gene dispersal occurs, although gene flow
is extensive. The detected gene flow pat-
terns  and  geographic  distribution  of  ge-
netic  variation were consistent with gene
dispersal limitation due to prevailing wind
patterns.  From  a  practical  point  of  view,
taking  into  account  such  landscape  im-
pacts  on  genetic  diversity  is  important
when designing afforestation strategies or
determining priorities in conservation and
management plans.
Although  western  populations  had  rela-
tively  lower  nuclear  diversity,  and  there
was greater differentiation and directional
bias of gene flow towards the East, there
was no evidence to suggest that any of the
populations  analysed here  are  genetically
at  risk.  However,  over  recent  decades,
there has been extensive establishment of
Scots  pine  plantations  throughout  the
country and it would be interesting to un-
derstand  the  impact  such  plantations
might have on the diversity and structure
of subsequent generations of native Scots
pine.
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Supplementary Material
Tab. S1 - Pairwise population differentiation
(FST) (below diagonal) and Jost’s differenti-
ation index, D (above diagonal). 
Fig. S1 - Percentage of differentiated sites 
within Scotland using nSSR, calculated as 
the percentage of total sites that were sig-
nificantly differentiated based on FST val-
ues. 
Fig. S2 - The number of genetic clusters 
(K=2) identified by STRUCTURE for nSSR. 
Fig. S3 - Relative migration networks for 
nSSR with populations sorted in seed 
groups.
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